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The transport properties of electrons in Co/Cu multilayered thin films are of special interest for 
the giant magnetoresistance (GMR) of this system. The magnitude of this effect depends on the 
mean free paths and on the strength of the interface scattering which in turn are strongly related 
to film structure. In this article, we discuss the results of resistance and magnetoresistance 
measurements carried out during film growth. We characterize the electronic transport 
parameters of these films and the growth mechanism of the layers. The new technique of the in 
situ measurement of the magnetoresistance furthermore provides a tool to find correlations of 
the growth mechanism with the dependence of the GMR on the Co thickness. 
1. INTRODUCTION 
During the last few years multilayered metallic struc- 
tures have been under intensive investigation. One reason 
for these activities is the giant magnetoresistance (GMR) 
observed in multilayers consisting of ferromagnetic layers 
separated by nonmagnetic metal interlayers.“’ For specific 
interlayer thicknesses (typically IO-20 A) the magnetiza- 
tions in successive ferromagnetic layers are antiparallel.“-” 
This arrangement corresponds to a state of increased resis- 
tance. The reason for this correlation and therefore the 
GMR is under discussion. 
Most of the theoretical work was applied to Fe/Cr 
multilayered films, since the GMR was originally discov- 
ered in this system.’ Camley and Barnai” used a semiclas- 
sical approach to describe the additional electron scatter- 
ing in GMR structures. They calculated the resistivity by 
solving the Boltzmann transport equation. Bulk and inter- 
face scattering of the conduction electrons are expressed 
phenomenologically by introducing spin dependent mean 
free paths and boundary conditions with spin dependent 
transmission coefficients. This model is also used by other 
authors7?* to describe the GMR in other systems. A quan- 
tum mechanical model with spin dependent interface- and 
bulk-scattering potentials has been discussed by Levy 
et al.” 
To compare the numerical results from these theories 
with experimental data some specific parameters are re- 
quired: the intrinsic mean free paths (IMFP) of the con- 
duction electrons, the conductivities for thin layers of the 
materials, and the strength of the boundary scattering, 
which was first introduced by FuchslO using a specularity 
parameter (p) . 
Since the bulk scattering as well as the interface scat- 
tering can be spin-dependent and therefore could contrib- 
ute to the GMR, experimental investigations on the trans- 
port properties are required. The increase of the resistance 
for nonparallel layer magnetization in comparison with 
- 
“Present address: IFF Dresden, Helmholtz Strasse 20, 01069 Dresden, 
Germany. 
parallel magnetization should be apparent during growth 
of the multilayers. I~I situ resistance measurements, there- 
fore, promise new experimental information on the origin 
of the GMR. This was demonstrated in a first attempt by 
composing in situ resistance versus thickness curves for 
different Fe/Cr structures.” In order to expand the possi- 
bilities of t.his approach, we addit.iomally developed an in 
situ magnetoresistance measurement. 
II. EXPERIMENT 
The samples discussed in this article were prepared in 
ultrahigh vacuum (UHV) (base pressure 5 x 10m9) by al- 
ternating thermal evaporation of Co and Cu on fire pol- 
ished CorningTM glass at a deposition rate of 0.1 w/s. The 
substrate temperature was controlled at 300 K during 
evaporation. The film thickness was controlled by a quartz 
oscillator; the film resistance was measured with a pseudo- 
four point method during evaporation. 
We additionally employed a new technique of in situ 
magnetoresistance measurement. where a variable 
computer-cont.rolled magnetic field is applied to the sample 
during evaporation. In combination with the in situ mea- 
surement of the resistance, we were able to measure the 
dependence of the resistance on the magnetic field during 
evaporation within an increase in film thickness of less than 
1 A during one cycle of the magnetic field. 
The surfac.e topography and the crystal structure of 
selected samples were examined by scanning tunneling mi- 
croscopy (STM) and transmission electron microscopy 
(TEM). The STM images indicate a decreasing mesos- 
topic surface roughness with increasing number of layers 
and typical lateral crystallite sizes of 300 A. The TEM 
pictures of sample cross sections show a well defined lay- 
ered structure. The samples are polycrystalline with crys- 
tallites grown vertically through many layers. This sug- 
gests that both Co and Cu grew in the fee structure since 
this structure gives the smallest misfit of the lattices. 
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FIG. 1. p(t) X t vs t curve of a single Co layer on glass (circles). The 
solid line is a fit of the Fuchs-Namba theory. 
III. RESULTS AND DISCUSSION 
A. Transport parameters 
Transport parameters were determined from fitting the 
Fuchs-Namba theory10”2 to measured resistivity versus 
thickness data for single Co and Cu films. The fitting of the 
theoretical curves to the experimental data was done by a 
variation of the four parameters I, (IMFP), p, (bulk 
resistivity), p (specularity parameter), and H (amplitude 
of the mesoscopic surface roughness).13-*5 Figure 1 shows 
a plot of the product p x t (resistivity times film thickness) 
versus the thickness t of a single Co film. The values for the 
transport parameters received from fits to a large number 
of in situ measured resistivity versus thickness curves are 
given in Table I. Although the mesoscopic surface rough- 
ness H of a single layer differs from the surface and inter- 
face roughnesses of multilayers (the roughnesses of Co and 
Cu on glass are distinctly larger than those of layers grown 
on metallic base layers which indicates that in this case the 
growth modes of Co and Cu are mostly a result of the 
substrate material and not of the substrate temperature), 
the values for I, and pm are independent of the roughness. 
The IMFPs of Co and Cu thin films are distinctly larger 
than the typical single layer thicknesses t in Co/Cu GMR 
multilayers, suggesting that conduction electrons can 
travel from one interface of a layer to the other without 
being scattered within this layer. This fact is important for 
the interpretation of the GMR as spin dependent scattering 
of the conduction electrons. 
B. Covering experiments 
From in situ resistance and simultaneous thickness 
measurements during the deposition of single films and 
multilayers we obtained information about the growth 
mechanisms of Co growing on Cu and Cu growing on Co. 
TABLE I. Transport parameters of single Co and Cu layers on glass. 
( T= 300 K, deposition rate 0.1 &s). 
co cu 
p, ( lOA6 R cm) 14.0*0.5 4.1hO.3 
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FIG. 2. Section of an in situ measured resistance vs thickness curve for a 
Co,, @uS7 @o,, A film. 
7. Co on Co 
Since almost all conduction electrons approaching the 
Co surface are scattered diffusely (see Table I), l2 adsorbed 
Cu atoms cannot increase the surface scattering. The resis- 
tance of a Co film should therefore not increase if it is 
covered with a small amount of Cu adatoms. Figure 2 
shows a section of an in situ measured resistance versus 
thickness curve of a Co so A/CU,~ A structure. The discon- 
tinuity in the resistance at the transition from Co to Cu 
results from relaxation processes during the time needed to 
stop the deposition of one material and to restart the dep- 
osition of the other. In agreement with the results obtained 
for single films, the resistance of the Co film does not show 
an increase during the covering with Cu. The decrease of 
the resistance during Cu deposition can therefore be solely 
ascribed to the Cu layer. Therefore further evaluation is 
possible: the clear decrease in resistance within the first 5 A 
of Cu indicates that the Cu atoms are distributed homoge- 
neously over the Co base layer. The application of a model 
of parallel resistors 
1 1 1 -=--- 
Rcu R Rb 
(1) 
allows us to obtain the thickness-dependent resistivity of 
the Cu layer p,-,( tc,) (Rcu : resistance of the Cu layer, Rb : 
resistance of the base layers, R: resistance of all layers). 
Figure 3 shows a typical pcu vs tcu curve of a Cu layer on 
a CosO A film. The plateau in this curve between 8 and 20 
A layer thickness indicates that the Cu layer grows in an 
island-like mode within this thickness range. Above 20 A 
the resistivity decreases as the islands coalesce. STM inves- 
tigations imply that the Cu smoothes the original surface 
roughness of the underlying Co layer, which according to 
our fitting results and STM investigations, has a surface 
roughness of about 40 A. We suggest a picture where the 
Cu islands grow preferentially at the grain boundaries of 
the underlying layer (Fig. 4). This smoothing effect of the 
Cu layers is also confirmed by investigations of multilayers. 
Figure 5 shows a p vs t plot for successive Cu layers of a 
[Cost A/CU,, A,/( Co, A/CU,, A) x 61 multilayer, where 
the resistivity is evaluated with the model of parallel resis- 
tors. Obviously the plateau occurring for the first Cu layer 
vanishes with increasing number of layers. This indicates 
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FIG. 3. Resistivity vs thickness curve of a Cu layer on a IO-A-thick Co 
base layer. The resistance of the Co layer is eliminated with a model of 
parallel resistors. 
FIG. 5. Resistivity vs thickness curves for different Cu layers of a Co/Cu 
multilayer. The resistance of the base layers is eliminated with a model of 
parallel resistors. 
which gives the following expression for the difference AR 
between the resistance of the uncovered Cu layer (length 1, 
width b, thickness t) and the resistance of the Cu layer 
covered with Co: 
that the island-like growth of the Cu layers is reduced, 
because the underlying surface becomes smoother. 
These results strongly indicate a Stranski-Krastanov- 
like growth mechanism with small Cu islands growing 
mainly at the grain boundaries of the underlying Co layer, 3 I LIP, 
smoothing the mesoscopic surface roughness with increas- AR=Rcov- Runeov=~ b 7 AP (2) 
ing number of layers. with 
2. Co on Co/Co 
Figure 6 shows a typical R vs t curve measured during 
the deposition of Co atoms on a Cu layer. An obvious 
difference to the covering behavior of Co with Cu is the 
clear increase in the resistance when the first few A’s of Co 
are deposited on the Cu base layer. Since the specularity 
parameter p of a Cu layer is relatively large (p=O.6, see 
Table I), the Co adatoms can act as scattering centers and 
increase the diffuse surface scattering rate of the conduc- 
tion electrons at the Cu surface. Because the maximum of 
the resistance is typically found at a Co thickness of 1.7 A, 
independent of the thickness of the underlying Cu layer, 
the Co adatoms seem to build a very thin continuous layer 
on the Cu. 
The course of the R vs t curves is qualitativly indepen- 
dent of the measured magnetoresistance. This seems rea- 
sonable for our films as the MR ratios for sandwich struc- 
tures do not exceed 4% (see Sec. IV). 
To determine the dependence of the height of the max- 
imum of the resistance on the thickness of the underlying 
Cu layer, the resistance of the Co base layer was eliminated 
with the model of parallel resistors. A Cu layer covered 
with 1.7 A Co can be described as a Cu layer with strong 
surface scattering. Therefore it is possible to compare the 
experimental results with the Fuchs-Sondheimer theory16 
1. ,‘I ,(:I, 
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FIG. 4. Sketch of the suggested growth mechanism of Cu on Co. 
AP =~uncov -pm . 
Figure 7 shows the experimental results and theoretical 0 
curves for different values of hp. For tc,> 30 A there is 
good agreement for Ape0.35, whereas AR for thin Cu 
layers differs from the theory. This again points to a me- 
soscopic surface roughness of the underlying Co layer (see 
above) which prevents the formation of a closed homoge- 
neous Cu layer thinner than 20 A. This roughness cannot 
be described with the Fuchs-Sondheimer approximation. 
At about 3-4 A Co thickness there is a turning point in the 
resistivity versus thickness curve (Fig. 6) indicating the 
completion of a first homogeneous Co layer. If the Co grew 
in monolayers, we would expect oscillations in the resis- 
tance curve with the period of the Co crystal structure, as 
the surface scattering and therefore the resistance would be 
reduced when an atomic layer is completed.‘5 We did not 
observe, however, such oscillations. On the other hand, the 
pco vs tco curves give no hint of island growth for larger Co 
thicknesses like the curves obtained for Cu on Co. Al- 
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FIG. 6. Section of an in situ measured resistance vs thickness curve of a 
Cog0 A/CU,, A/CO~~ A-film. 
364 J. Appl. Phys., Vol. 75, No. 1, 1 January 1994 Eckl et a/. 
Downloaded 22 Oct 2008 to 129.70.165.221. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
\ , Ap=O4 
* exper (mental 
I I 
0 20 40 60 80 
CIA thtckness [A] 
FIG. 7. Comparison of the Cu thickness dependent increase in resistance 
during the covering of Cu with Co and the theoretical results of the 
Sondheimer approximation. The Cu with the Co adatoms was treated as 
a Cu layer with increased surface scattering. The resistance of the base 
layers is eliminated in a model of parallel resistors. 
though the Co, therefore apparently does not show a real 
layer by layer growth on Cu, there is no evidence of a 
substantial change in the surface profile due to the cover- 
age of Cu with Co. 
In multilayers, the resistance versus thickness curves 
qualitatively show the same behavior except for the reduc- 
tion of the surface roughnesses already discussed. 
C. Magnetoresistance measurements 
First we investigated the dependence of the GMR on 
the thickness of the intermediate Cu layer of 
CosO A/CU,/CO~ A sandwich layers grown on glass sub- 
strates. The result is shown in Fig. 8. Distinct maxima of 
the magnetoresistance are found at Cu layer thicknesses of 
43, 53, and 63 A, respectively, giving an oscillation of the 
GMR with a period of about 10 A. For multilayered films 
this oscillation was reported by other authors,2P17P18 who 
found periods of IO-12 A for Co/Cu multilayers. A differ- 
ence lies in the location of the maxima. For multilayers the 
first maximum was found at about 10 A Cu thickness, 
whereas we found a much lower first maximum at 43 A. 
This can be explained by the results presented above: since 
the first Co layer on the substrate shows a relatively large 
surface roughness, the Cu layer grown on this Co layer 
must be thicker in order to obtain a closed layer preventing 
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FIG. 8. Dependence of the MR on the thickness of the Cu interlayer in 
Cow, #&/CoM A-films. 
adjacent Co layers from direct exchange-coupling (unfor- 
tunately our vibrating sample magnetometer measure- 
ments gave no clear evidence for ferromagnetic or antifer- 
romagnetic interlayer coupling). Thus the great surface 
roughness of the base layers hinders the development of 
GMR for Cu thicknesses smaller than 40 A in these tri- 
layers. This seems to be contradictory to the results on the 
Fe/Cr system where an increase in MR with increasing 
interface roughness has been reported. l9 Unfortunately no 
values for the roughness amplitudes and the characteristic 
lateral distances have been reported, but we think that the 
interface roughness amplitudes (microscopic roughness) 
leading to an increase in MR must be distinctly smaller 
than the roughness amplitudes (mesoscopic roughness) 
treated in our work. 
D. In situ magnetoresistance measurements 
In order to obtain detailed information about the de- 
velopment of GMR during film growth, we developed an 
in situ magnetoresistance measurement (IMM) technique. 
An in plane magnetic field H was applied to the sample and 
varied from -850 to 850 Oe within 1 s. Since the satura- 
tion field (smaller than 250 Oe for t > 10 A) of the inves- 
tigated samples is smaller than the maximum of the ap- 
plied field, we were able to obtain a complete R vs H curve 
duritg the deposition within a thickness increase of only 
0.1 A. To eliminate anisotropic MR effects, the magnetic 
field is directed parallel to the electric field in the film. 
From this we derived the dependence of the magnetoresis- 
tance ratio on the film thickness t: 
Magnetoresistance( t) = 
max[R(H,t)--R,(t)] AR(t) 
R,(t) =R,(t)* 
(3) 
Figures 9 (a)-9 (c) show typical resistance versus 
thickness curves for different magnetic fields and the re- 
sulting IMM curve for the second Co layer of a 
co*() ‘&Ku,, A/Co’*0 A- trilayer. For the first Co layer (not 
shown in Fig. 9) and the Cu interlayer the MR shows 
negative values smaller than 0.5%, which can be attributed 
to the anisotropic MR. 
When the deposition of the second Co layer is started, 
the MR becomes positive at about 1.6 A Co thickness, 
which coincides with the maximum in resistance (see 
above). This suggests that already the first atomic layer of 
Co has a clear influence on the magnetoresistive behavior 
of this films. At about 3-4 A Co thickness there is a first 
maximum in the MR, which we observed in all films show- 
ing an increased MR. Following this first peak there is a 
steep increase in the MR, reaching a main maximum at 
about 13 A Co layer thickness. The position of this maxi- 
mum lies between 11 and 15 A for different films and does 
not depend on the interlayer thickness. This indicates that 
the MR has fully evolved within the first.13 A Co thickness 
and that further increase in Co thickness decreases the MR 
by shunting the scattering effects in the underlying layers. 
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FIG. 9. (a) In situ measured resistance vs thickness curves of a 
Co,, A/C& ~/Co,so A film for different magnetic fields. (b) Difference 
between the thickness-dependent resistances for different magnetic fields 
and the thickness-dependent resistance for a field bigger than the satura- 
tion field AR(Zf,t) =R(H,t) --R,(H> H,,t). (c) In situ magnetoresis- 
tance. 
On the basis of the results obtained from trilayers we 
also applied IMM to multilayered films. We obtained a 
AR/R ratio of about 6% at room temperature for a 
[C!os,-, A/(CU~~ A/CO~~ A) X7] film, which is relatively low 
compared to values reported by other authors.S17’20 Figure 
10 shows the IMM result obtained for a 
[Co,, n/(Cu, ~/Col, A) X7] multilayer. This measure- 
ment supports our thesis that the mesoscopic surface 
roughness of Co on glass prevents the evolution of an in- 
creased MR for Cu interlayers thinner than 40 .&. While 
the surface roughness decreases with increasing number of 
layers (see above), the GMR clearly increases. In the ex- 
ample shown in Fig. 10, the 6th Co layer gives rise to an 
increase in MR from 0.5% to 3%. An evaluation of the 
MR of this trilayer (5th Co/Cu/Bth Co layer) with the 
model of parallel resistors gives a GMR of 14%, which is 
6 
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FIG. 10. In situ measured magnetoresistance vs thickness curve of a 
[Co,, A/(CU, ,&o,s A) X7] multilayer. 
IV. CONCLUSIONS 
In summary, we carried out in situ resistance measure- 
ments in order to obtain information about the electronic 
transport parameters and the growth mode of poiycrystal- 
line Co/Cu multilayered thin films on glass. We obtained 
strong evidence for Stransky-Krastanov-like growth of Cu 
on Co, with preferred island nucleation at the grain bound- 
ary grooves of the Co film. In contrast, Co seems to repro- 
duce the surface profile of an underlying Cu film. The 
transport of the conduction electrons in Co/Cu multilayers 
is charactehzed by.mean free paths of about. 23 nm in both 
materials. The scattering of the conduction electrons at the 
free Co surfaces, however, is much stronger than at the free 
Cu surface. Therefore only the Co atoms on the Cu sur- 
faces act as additional scattering centers for the conduction 
electrons. In trilayers, the GMR can be observed only for 
Cu thicknesses larger than about 4 nm due to the relatively 
large roughness of the first Co film on glass. As the number 
of layers is increased, the surface roughness decreases and 
in turn the GMR obtained for each individual Co/Cu/Co 
structure of the multilayer increases. 
Furthermore we developed a new in situ magnetoresis- 
tance measurement (IMM) which provides more detailed 
information about the thickness dependent evolution of the 
MR. The MR reaches a distinct maximum at about 13 A 
Co thickness, indicating that the scattering processes caus- 
ing the GMR take place within a very narrow region at the 
interfaces of the multilayered structure. 
In general the result that a mesoscopic surface rough- 
ness can prevent the evolution of an increased MR seems 
contradictory to recent findings,” indicating that a specific 
increase in surface roughness increases MR. But we think 
that the roughnesses of our Co base layers are too big to get 
thin continuous Cu interlayers which is necessary for an 
antiparallel allignment of adjacent Co layers. For thicker 
Cu interlayers (t> 30 A) and for multilayers the MR is 
decreased by shunting. 
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